Abstract-Biomimetic antenna arrays (BMAAs) are antenna systems enabling an improved angle estimation for small apertures by mimicking the hearing system of the fly Ormia ochracea. This is achieved by a special kind of coupling applied to the antenna elements inspired by the insect. However, recent designs of BMAAs rely on a strong mutual coupling between the antenna elements. In this paper, it will be shown that the strong mutual coupling is not needed for a BMAA at the antenna side, and a generalized model of the biomimetic antenna system is theoretically derived, evaluated, and verified by measurements. This new model also gives an intuitive insight into the working principle of the biomimetic antenna system. Index Terms-Biomimetic antenna arrays (BMAAs), antenna arrays, biologically inspired antennas, direction-of-arrival estimation.
I. INTRODUCTION
A NGLE estimation using antenna arrays is usually done by evaluating the phase progression between the individual antenna elements. Therefore, the antenna element separation is usually chosen as large as possible to maximize this phase progression without getting ambiguity. However, accurate angle estimation is a challenge when only a small aperture is available because of space constraints due to costs or large wavelengths. Several methods were introduced overcoming this issue [1] - [3] .
Looking in the nature, the parasitic fly Ormia ochracea is facing a similar challenge. With an ear separation of 1 mm, only, it needs to localize a cricket to deposit its eggs. The cricket is identified by its mating call at 5 kHz, i. e., the ears of Ormia ochracea are separated by λ/70 in terms of the wavelength λ of interest. According to the common theory, the angle estimation performance should be quite poor but Ormia ochracea achieves an angle estimation accuracy of 2 • with the help of specially coupled ears [4] .
The hearing system of the fly was thoroughly analyzed in [5] and a mechanical model was set-up representing the dominant dynamical properties of the ears of Ormia ochracea. The purpose of this coupling is to mechanically increase The authors are with the Institute of Microwave Engineering, Ulm University, 89081 Ulm, Germany (e-mail: patrik.gruener@uni-ulm.de).
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Digital Object Identifier 10.1109/TAP.2018.2888829 the delay (phase) of an incoming signal between the ears. As a consequence, the angle of arrival can be distinguished more accurately. This model, which is briefly reviewed in Section II, was used to build up microphones which allow a remarkable increase in angular separability and therefore are used, e. g., in hearing aids [6] , [7] . As a next step, the mechanical model was converted into an electrical model by the well-known analogy between mechanical and electrical systems and was then used to build up an antenna system with similar characteristics as the fly's auditory system [8] - [10] . This model was later extended by considering the strong mutual coupling of electrically small antenna arrays [11] , [12] . For this electrical model, a design process was proposed. Also, a fundamental tradeoff of the biomimetic antenna system was revealed: each increase in phase difference comes at the cost of output power. This means that increasing the ability of measuring the incoming angle is decreasing the maximal range of the underlying system. The findings were verified by a biomimetic antenna array (BMAA) consisting of two dipole antennas at 600 MHz. The external coupling network representing the hearing system of the animal was built up using lumped elements.
Inspired by the electrical model and the design process, several BMAA designs were presented using planar antennas at 400 MHz [13] , [14] and 20 GHz [15] where also a coupling network in planar microstrip technology using distributed elements was implemented. An extension of the BMAA concept to three radiating elements was shown in [16] and [17] . An indoor tracking system using BMAAs at a frequency of 20 MHz was presented in [18] .
Current research shows that BMAAs are narrowband systems. Several works were conducted to conquer this issue by using non-Foster matching networks [19] or electrically tunable coupling networks [20] .
According to some publications, the radiation pattern of an antenna array becomes narrower when using biomimetic coupling [13] , [14] , [21] . Simulation results show a significant reduction in the beamwidth depending on the choice of the coupling network elements for antenna elements spaced λ/10 apart at frequencies of 400 MHz and 1 GHz.
The angle estimation capability of BMAAs were first analyzed by Akcakaya and Nehorai [22] . They solved the differential equations of the mechanical model and analyzed the angle estimation accuracy by computing the Cramer-Rao bound (CRB). Later, the solutions of the differential equations of the mechanical model were transformed to 0018-926X © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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radio frequencies, and the biomimetic coupling was regarded as a multiple-input multiple-output filter at the antenna array outputs [23] . With this model, which was set-up for 10 antenna elements, also the CRB was calculated showing a significant increase in angle estimation capability compared to an antenna array with the same spacings and without biomimetic coupling. However, these publications focused on analytical investigations as well as numerical simulations. In [24] , radar measurements were performed with BMAAs and compared to conventional antenna arrays with the same antenna element spacing. Here, an increase in angle estimation accuracy of factor 2 was achieved. In [25] , the boundaries of the fundamental tradeoff of the BMAA was investigated and an upper limit of the angular resolution enhancement without sacrificing power was derived. However, the current electrical model of the BMAA relies on a strong mutual coupling of the antenna elements. While mutual antenna coupling has drawbacks for the antenna performance, this also limits the choice of usable antenna elements and works only for antenna arrays with very small element separation. Starting from the mechanical model, this paper introduces a generalized model which allows separating the biomimetic coupling from the mutual antenna coupling and also illustrates the working principle of the BMAA in an intuitive way. By applying this generalized model, basically, every antenna element can be used for a BMAA independent of the size of the antenna or the separation of the array elements. The model extends the BMAA theory in a way that it is not limited anymore to electrically small antenna arrays but can also enhance the angle estimation for larger arrays.
Section II compares BMAA models introduced so far, shows their limitations, and proposes a generalized electrical model. This model is then analytically evaluated in Section III and a design process is given in Section IV. Different electrical models are then compared in Section V. Section VI finally proves the theoretical investigations with measurements of a fabricated prototype.
II. BMAA MODELS
In this section, the recent models of the BMAA are discussed. It will be shown that current electrical models do not fully match with the mechanical model. At the end of the section, a generalized electrical model is introduced fixing the shortcomings of today's electrical models.
A. Mechanical Model
All derivations concerning the BMAA so far are based on the mechanical model of the fly Ormia ochracea's hearing system shown in Fig. 1 . It consists of two rigid bars each mounted on a solid pivot point. The other side of the bar is connected to the ground by a combination of a spring and a damper. This combination models the fly's ears with their dynamical properties. The two bars are also connected by a spring/damper combination (k 3 and c 3 ) modeling the coupling of the two ears. The forces F 1 and F 2 originating from the incoming sound wave mark the inputs of the system, whereas the displacements y 1 and y 2 at the outer ends of the bars are the outputs. The values for F are modeled to have equal amplitudes but differ Mechanical model of the hearing system of the fly Ormia ochracea [5] .
in phase according to the angle of incidence θ of the sound wave. This model was derived and thoroughly analyzed in [5] . In particular, the lumped element values were determined so that the mechanical model resembles the behavior of the fly's hearing system very closely. The validity of the mechanical model was verified by measurements.
To explain the working principle of the system, the extreme cases "no coupling" and "infinite coupling" are considered. If no coupling is present between the bars (k 3 → 0, c 3 → 0), the ears are completely independent of each other and the output value y 1/2 depends only on the respective input values F 1/2 . The amplitudes of y 1/2 are equal and the phases only depend on the physical aperture size.
In the case of an infinitely strong coupling between the ears of the fly (k 3 → ∞, c 3 → ∞), the two rigid bars in the model now effectively become one solid bar. This bar is still mounted on the triangular pivot point and can tip around it. If a plane wave is now vertically incident on the model (i. e., θ = 0), the bar is loaded equally on both sides by the forces F 1 and F 2 , because F 1 and F 2 are now equal both in amplitude and in phase (common-mode excitation). Because of the mount at the pivot point, the bar will not move, i. e., the output values y 1/2 are zero. When the plane wave is incident from an angle θ = 0 (i. e., |F 1 | = |F 2 |, arg F 1 = − arg F 2 , differentialmode excitation), this leads to a displacement of the bar: it is tipping toward one direction. In this case, the amplitudes of the output values y 1/2 are always equal (due to the rigid bar) and 180 • out of phase.
The real behavior of the model is a superposition of these two extreme cases.
B. Electrical Model
In [9] , the mechanical model was converted into an electrical model. The conversion was demonstrated in two ways: one method used the analogy of mechanical force and electrical current, and the other used the analogy between mechanical force and electrical voltage. Both methods lead to different equivalent circuits which are shown in detail in [9] . In this paper, only the first method is considered for the sake of simplicity, but the investigations are also valid for the second one. The equivalent circuit derived in [9] is depicted in Fig. 2(a) . Each of the two antennas is modeled by an ideal current source. The amplitudes of the current sources are equal and the phases differ in the sign. The phase difference between the currents follows kd sin θ with k = 2π/λ being the free-space wavenumber, λ being the wavelength, d being the separation of the antennas, and θ being the incident angle of the plane wave. Electrical model of the BMAA according to [9] and [12] with (a) biomimetic coupling, (b) no coupling, and (c) infinitely high coupling.
The capacitors C p1 and C p2 are the equivalents for the bars in the mechanical model; the elements L p1 , L p2 , R p1 , and R p2 match with the springs and the dampers k 1 , k 2 , c 1 , and c 2 in the mechanical model. At the same time, R c and L c are the equivalents of the coupling elements k 3 and c 3 . The output values of the system are the voltages u 1 and u 2 . The mutual coupling of the antenna elements, such as it is introduced in later publications [11] , [12] , is not yet considered.
For this model, the same evaluations concerning the extreme cases shall be performed to investigate the complete equivalence between the mechanical and electrical model. At first, the uncoupled case is investigated, i. e., the elements R c and Again, the excitation with common and differential modes is considered. In the case of the commonmode excitation, the exciting currents i 1 and i 2 are identical in amplitude and phase. This leads to voltages u 1 and u 2 across the elements R p1/2 and C p1/2 which are also equal in amplitude and phase. As a consequence, there is no potential difference between the two antennas and no current is flowing through the short-circuited connection. Howevrer, the voltages u 1 and u 2 are not zero. This is in contrast to the mechanical model whose equivalent quantity v =ẏ has to be zero in this case because the solid bar cannot move. In the case of the differential-mode excitation, the exciting currents i 1 and i 2 are still equal in amplitude but now differ in phase (|i 1 | = |i 2 |, arg i 1 = − arg i 2 ). The currents lead to voltages u 1 and u 2 across the elements L p1/2 , R p1/2 , and C p1/2 , which cannot be equal due to the differing excitation. However, the voltages have to be the same. At the same time, the equivalence to the mechanical model demands a phase difference of 180 • between u 1 and u 2 which also cannot be realized with this model. For this reason, the electrical model has to be modified.
C. Generalized Electrical Model
Comparing the mechanical model in Fig. 1 and the electrical model in Fig. 2(a) , it can be noticed that the pivot point in the mechanical model around which the bars are tipping, has no equivalence in the electrical model. Because of the fundamental impact on the working principle of the hearing system of Ormia ochracea, this element has to be properly considered in the electrical model.
For the synthesis of the new model, the case of infinite coupling is considered first. The rigid bar in the mechanical model (see Fig. 1 ) which is mounted on the pivot element is in this case a lever bar with two equally long levers. They can be modeled in the electrical domain with a transformer. The antennas are still modeled by an RLC combination [see Fig. 3(a) ]. In the model described in Section II-B, the output voltages u 1 and u 2 do not vanish for a vertically incident plane wave, as it is predicted from the mechanical model. In the new model, this is the case if the turning ratio n of the transformer is chosen to n = −1. The voltage u 1 generated on the left side by the current source i 1 over the left RLC combination is transferred over the transformer resulting in a voltage with negative sign on the right side. The same is true for the voltage u 2 on the right side. As a result, the two voltages u 1 and n u 2 as well as u 2 and n u 1 cancel out so that for a vertically incident wave (θ = 0) both output voltages are zero:
For an inclined incident wave (θ = 0), the situation can be illustrated by means of a vector plot (see Fig. 4 ). Both voltages give the real voltages u 1 and u 2 which can be measured (green solid line). The phase angle between these two voltages now is always 180 • , independent on the incidence angle of the wave. Only the amplitude of the resulting vector changes with the incidence angle θ . This is fully consistent with the mechanical model.
For a complete equivalence between the mechanical and the electrical model, the coupling elements which are modeled by the spring k 3 and the damper c 3 in Fig. 1 are still missing in the electrical model. The principle function of these elements is the scaling of the amplitude of the transformed signal (damper) and the scaling of the coupling phase (spring). In the electrical model, this behavior is modeled by the parallel connection of an inductor L C and a resistor R C [see Fig. 3(b) ]. For the basic functionality of the system, this combination of inductor and resistor is needed only on one side of the transformer. As a matter of symmetry and especially for the practical realization later on, these elements are placed on both sides of the transformer.
III. ANALYTICAL DESCRIPTION
In this section, the new generalized electrical model will be described analytically. The derivations follow the conventions introduced in [11] and [12] . As in [12] , the Y-parameter representation of the antennas will be used instead of the RLC representation. In addition, the mutual antenna coupling is considered. To couple out the voltages, the antenna is loaded by the conductance G L . The inductance L C is generalized to the susceptance B C to be either an inductor or a capacitor. The modified circuit is depicted in Fig. 5 . The input values of the system are the currents i 1 and i 2 , the respective output values are the voltages u 1 and u 2 . The excitation is modeled as in [11] and [12] by
with an amplitude A 0 and α = kd sin(θ )/2 to model the angle dependent phase progression proportional to the physical aperture size d.
For the calculation of the output voltages u 1 and u 2 , the common and differential mode of the system will be evaluated separately. For the common-mode excitation, it holds
This excitation leads to two equal voltages on both sides of the transformer. Due to the turning ratio of n = −1, the voltages with the same absolute value are added with negative sign and therefore, a virtual ground is created at the transformer for all incident angles θ , i.e., u 1x (θ ) = u 2x (θ ) = 0. Thus, the common-mode voltage can be calculated by the parallel connection of all elements according to
Note that the common-mode voltage is directly dependent on the coupling element values. In addition, the common-mode voltages are equal on both sides of the transformer. The next step is the differential-mode excitation for which the input values are modeled as follows:
This excitation results in two currents at both sides of the transformer. While the current from source 2 is flowing into the transformer, the current from current source 1 is flowing out of the transformer. After transformation with a turning ratio n = −1, the transformed and the source current on each side cancel each other due to their opposite sign. As a consequence, no current is flowing through the coupling elements G C and B C , and thus, there is no voltage drop. The transformer acts like an open in this case, i.e., u 1x (θ ) = u 1 (θ ) and u 2x (θ ) = u 2 (θ ) for all θ . The differential voltage u 1,d (θ ) can now be calculated by the parallel connection of the remaining elements
Note that this equation is independent of the values of the coupling network. The differential voltages of the right and left side differ by the factor −1. The factor A is dependent on the coupling network parameters G C and B C , while the factor B is not.
The voltages u 1 and u 2 are then given by the superposition of common and differential voltages
For the explanation of the working principle of the biomimetic coupling, the vector plot is considered again. The output voltages u 1 and u 2 according to (9) and (10) are displayed in Fig. 6(a) . They consist of the common-mode voltage u c which is the same for both output voltages and the differentialmode voltage u d having opposite signs depending on the respective output voltage. The phase angle φ in only depends on the physical aperture size d. By varying the coupling network elements B C and G C , the common-mode voltage u c can now be scaled. At the same time, the differentialmode voltage u d is not altered in any way because it is independent of the coupling network parameters. Fig. 6(b) shows the vector plot for this case with an exemplary set of parameters. In the same extent, as u c is decreased, the phase angle φ out between the voltages u 1 and u 2 is increased. Due to this effect, the amplitudes of the voltage vectors are also decreased. This is the well-known tradeoff of the biomimetic antenna system to get enhanced phase sensitivity at the expense of output power [11] , [15] . In the extreme case of infinite coupling (G C → ∞, B C → ∞), the common-mode voltage is completely suppressed and both differential voltages with amplitude u d and opposite signs remain [see Fig. 3(a) ].
A signal flowchart summarizing the working principle of the BMAA is shown in Fig. 7 . The factor A depends on the antenna parameters as well as the coupling network parameters, whereas the factor B depends only on the antenna parameters.
In contrast to [12] , the generalized electrical model exhibits a significantly easier relationship between the coupling network and the phase progression because only the common-mode voltage and not the differential-mode voltage is influenced by the coupling network parameters.
IV. DESIGN PROCESS
Two parameters were introduced so far to describe the BMAA on system level: the phase gain η and the normalized output power L out [12] , [15] . Both compare the BMAA to a regular antenna with the same antenna elements with the same spacing but without the coupling network. The phase gain is defined in boresight direction by dividing the slopes of the phase progression curves at the terminals of the BMAA (φ out ) and the regular antenna array (φ in )
It basically describes the increase in steepness of the BMAA phase difference curve compared to the regular antenna phase difference curve. The reduction of the output power level is quantified by the dimensionless quantity L out
This value is always less than or equal to 1. Fig. 8 shows a typical phase difference curve and output power level of a BMAA with a phase gain of η = 5 and L out = −10 dB. In this section, it is derived how to set-up the coupling network parameters for the generalized model to achieve a desired phase gain η. The antenna parameters Y 11 = G 11 + jB 11 and Y 12 = G 12 + jB 12 are assumed to be known and the unknown element values G C and B C are calculated. The conductance G L is kept constant (e. g., 20 mS).
The starting point of the design process is, similar as described in [12] , the equation
where the following abbreviation for the complex number z was introduced
The variables b, a, and G are defined as follows:
Equation (14) can be split into a real and an imaginary part [11] leading to where η is the realized phase gain in boresight direction according to (11). The normalized output power level L out is calculated from the circuit model in Fig. 5 . This model can be used for the BMAA as well as for the conventional antenna array by neglecting the elements of the biomimetic coupling network (dashed box). The Y-parameters for both antenna arrays are the same because of the very same radiating elements. To get a fair comparison on how the two antenna arrays behave on a given system, the load conductances G L are also chosen equal. Considering only the boresight region (i.e., u d ≈ 0), the normalized output power level can be calculated as follows [see (12) ]:
Since both antenna arrays have different impedances but the same loads, mismatch losses can occur. These losses are already included in (20) . In the design process, the maximum phase gain shall be at θ = 0, therefore, the parameter ξ is set to zero [26] 
Rearranging this equation leads to the correspondence
Inserting (22) into the expression for η in (19) leads to
In the case of no mutual antenna coupling is present (G 12 = 0), (23) simplifies to
Apparently, besides the antenna parameters and the load conductance G L , the conductance G C is a key parameter for the phase gain synthesis. In the case of G C = 0 (open) no phase gain can be realized, i. e., η = 1. Equation (23) depends only on the given antenna parameters and the conductance G C . This can be used to derive a formula for G C as a function of the desired phase gain η. From (23) follows by rearranging:
If now the parameter G C is known, the coupling susceptance B C can be determined using (22)
Depending on the sign of B C , it can be realized as an inductor (B C < 0) or as a capacitor (B C > 0). If no mutual antenna coupling is present (G 12 = B 12 = 0), (25) and (27) simplify to
V. DISCUSSION OF DIFFERENT MODELS This section links the generalized model proposed in the previous sections to the electrical model in [12] . For that purpose, some important equations of [12] are summarized in the Appendix. It will be shown that this model is still valid as long as a strong mutual coupling between the antenna elements is considered. To differentiate between the two models, all parameters relating to the model of [12] are marked with a bar (e. g.,η).
Comparing (13) with the respective equation in [12] [see (40)], it can be noticed that the equations are the very same but with different expressions for z. When comparingz from [12] [see (41)] with z in (14) and neglecting the mutual antenna coupling (G 12 = B 12 = 0) the following relations result: This shows that the coupling network in the generalized model consisting of a transformer as well as the coupling elements G C and B C is mainly realized by the mutual coupling of the antenna array in [12] . Therefore, this model is a special case of the generalized model presented in this paper with specific demands on the antenna itself. Using the mutual antenna coupling is a viable way to realize the transformer. The influence of the mutual antenna coupling is illustrated by means of the vector plot in Fig. 9 . The signal received at one antenna is coupled over to the other antenna and gets scaled and shifted in phase. The output of the coupled antenna array exhibits a higher phase progression than it is supposed to have according to the physical element separation. It can be clearly recognized that a phase gain is obtained solely from the mutual coupled antenna array.
Anyhow, this leads to some limitations when using this model of the BMAA. When assumingξ = 0 [cf. 
This means that for the caseξ = 0 (maximal sensitivity in boresight direction), a phase gain can only be reached if the antenna array has a significant mutual coupling (Ḡ 12 = 0). Otherwise, (33) will be in the range of 1, and therefore, no significant phase gain can be reached (cf. [15] ). For a given antenna with parametersḠ 11 andḠ 12 = 0, there is no maximum for (33) with respect toḠ L . But the right side of (33) is monotonically decreasing with increasingḠ L , i. e., the phase gain is getting smaller with decreasing load resistanceR L . The maximal theoretical phase gain will be reached for a value ofḠ L = 0 (open) and calculates tō
This means that the maximum achievable phase gain depends only on the used antenna and cannot be further increased with the coupling network, not even by sacrificing more L out . This can be seen in Fig. 9 where the magnitude of the coupling directly influences the realized phase gain. As a consequence, for antennas with low mutual coupling (Ḡ 12 Ḡ 11 ), the achievable phase gain will be very low. In contrast to that, with the generalized model, an arbitrary phase gain can be achieved for any given antenna by increasing G C [see (23) ].
The proposed model describes the biomimetic coupling in its general form. Hence, not only strongly coupled antenna arrays can be used as base antennas. The practical realization of the biomimetic coupling can be done via the mutual antenna coupling [11] , [12] or with a discrete transformer (this paper). Even a combination of both coupling methods can be used.
VI. FABRICATION AND MEASUREMENT
The generalized model presented in the previous sections was verified by designing and measuring a prototype. To demonstrate that the new model achieves a phase gain even if the antenna array itself is not strongly coupled, an array with a relatively large element separation of d = λ/2 will be used in contrast to, e. g., [12] . An aperture coupled patch antenna with a length of 1 mm (nonradiating edge) and a width of 0.7 mm (radiating edge) is chosen as radiating element for the desired frequency band around 77 GHz. The fabricated antenna array with an element separation of d = 1.95 mm is depicted in Fig. 10 . Both layers of the antenna consist of RO3003 with a thickness of 127 μm each. The antenna Y-parameters are obtained from full-wave simulations and are given in Table I . The BMAA shall be designed for a phase enhancement factor of η = 3. Using (25) and (27) , the necessary coupling network values can be calculated to G C = 78.8 mS and B C = −15.7 mS considering a G L of 20 mS. This can be realized at 76.5 GHz by a resistor with R C = 13 and an inductor with L C = 133 pH. In addition, a transformer for the coupling network has to be designed. An interleaved singlelayer approach with one and a half turn according to the inset in Fig. 10 was chosen where the wires are 150 μm in width and spaced 100 μm apart. Since the transformer introduces losses and nonideal phase shifts, it is convenient to use these nonidealities to model G C and B C by the transmission factor and phase of the transformer. This can be achieved by the following relation, which gives the transmission S-parameter for the whole coupling network:
Using (35) with the previously calculated element values results in the following requirements for the transformer:
The transformer was optimized by using full-wave simulations to match the calculated requirements as close as possible. The outer dimensions of the used transformer are (1.7 × 1.9) mm 2 . The fabricated antenna with and without coupling network was measured in an anechoic chamber using a robot [27] . With a horn antenna mounted on the robotic arm, the H-plane of the antenna under test (AUT) was sampled at a constant distance. The transmission factor between the AUT and the horn antenna was measured for both ports using a vector network analyzer with external frequency converters for the E-band. To ensure comparability, the measurement setup was identical for both AUTs. Fig. 11(a) shows the measured output phase difference, and Fig. 11(b) shows the measured normalized output power level at 76.5 GHz. A phase gain of approximately η = 2 has been achieved at a normalized output power level of around L out = −4 dB. The measured phase gain is less than the simulated value. A possible reason for this might be higher dielectric losses of the PCB compared to the assumptions made in the simulation model, and therefore, a lower transmission factor of the transformer leads to a lower phase gain. Consequently, the measured normalized output power level L out is higher compared to the simulated value.
The measurements show that the generalized model presented in this paper and the corresponding design process are working as expected. A phase gain compared to a conventional antenna can be clearly recognized leading to an improved angle estimation capability of the presented BMAA. According to the electrical model of [12] , the antenna used in this paper would have only showed a phase gain of less than 1.001 [see (34)] due to the low mutual antenna coupling.
VII. CONCLUSION
In this paper, a generalized electrical model of the BMAA has been introduced. Apart from an intuitive understanding of the working principle of the BMAA, the generalized model allows the use of basically every antenna element in a BMAA. The strong mutual coupling which was mandatory before is not needed anymore. After showing the working principle, a design process for a desired phase enhancement factor η was given and a prototype was successfully designed, fabricated, and measured.
APPENDIX EQUATIONS FROM PREVIOUS WORKS
A number of equations of [12] are necessary for the derivations in this paper. However, some of these formulas are not given or were not fully derived in [12] . For better understanding, especially when comparing the different models in Section V, these formulas are given in the following: 
